Abstract. We tested the hypothesis that pollution-related reduction in the amount of invertebrate food would explain the lower breeding success of an insectivorous bird, the Great Tit (Parus major), around a point source of heavy metals (copper smelter), where invertebrate densities are known to be depressed. We provided additional food (mealworms and fat) to randomly selected territories near the smelter (Ͻ2 km, polluted area) and in the more distant sites (Ͼ4 km, control area). Additional food resulted in higher nestling growth and survival in both areas. Exposure of nestlings to heavy metals was estimated by measuring fecal concentrations of copper and lead. In the polluted area, extra food benefited most those broods that would have accumulated the highest lead concentrations. Nestlings in the polluted area exhibited higher asymmetry of primaries, suggesting that they experienced higher stress, but stress hormone (corticosterone) concentrations and metabolic rates (oxygen consumption) did not differ between the polluted and control areas. Contrary to our expectation, the positive effect of additional food on breeding success was greater in the unpolluted area. The results suggest that different amounts of invertebrate food (biomass) in the two areas cannot wholly explain differences in the breeding success of P. major.
INTRODUCTION
In addition to direct toxic effects, air pollution can have indirect effects on bird breeding performance via reduced invertebrate food supply in a polluted environment (Bengtsson and Rundgren 1984 , Graveland 1990 , St. Louis et al. 1990 , Eeva et al. 1997 . Numerous studies have examined metal levels and toxicity in wild birds (reviewed by Scheuhammer 1987 , Burger 1995 , but secondary effects of environmental pollutants have rarely been documented in the same context, even though these may occur at lower levels of contamination and thus may be much more common in nature than direct toxicity.
A reduction in abundance and diversity of terrestrial invertebrates is well documented on sites that have been heavily contaminated with metals emitted by smelters (reviewed by Heliö vaara and Väisänen 1993). For example, several species of herbivorous insects, which are important food for many insectivorous birds, may increase in numbers in a moderately polluted environment, but tend to be less abundant in heavily polluted areas (Fü hrer 1985, Heliö vaara and Väisänen 1990) . Except for a few studies on the effects of insecticide application on birds and their prey (e.g., Pascual 1994 , Howe et al. 1996 , almost all of the information about the effects of pollution-related food lim- 1 E-mail: tapio.eeva@utu.fi itation in birds has been correlative. We report here an experimental study in which the amount of available invertebrate food was manipulated in an area heavily contaminated by metals. Both food deprivation and environmental pollutants such as heavy metals are known to cause physiological stress, depressed metabolic rates, and retarded growth in birds and fish (Hutton 1980 , Di Giulio and Scanlon 1985 , Heath 1995 , Beyers et al. 1999 . For example, Feral Pigeons (Columba livia Gm.) exposed to lead have shown reduced activity of a respiratory enzyme (succinate dehydrogenase) and impaired energy metabolism (Hutton 1980) . Metal-exposed birds and fish are known to show suppression of appetite, reduced body mass, and simultaneous increase in plasma corticosterone levels Scanlon 1984, Heath 1995) . Corticosterone and other glucocorticoids are adrenocortical steroid hormones, which are elevated in various stress situations (e.g., Assenmacher 1973 , Brown 1993 ). One of their major physiological roles is to influence peripheral glucose utilization and metabolism (Norris 1997) . Because plasma glucose concentrations usually increase in a stressed animal, glucocorticoids have been used as stress indicators.
We studied the effects of additional food on the breeding performance of the Great Tit (Parus major L.) around a copper smelter that has caused a reduction in the numbers of caterpillars and other forest insects that are important food items for P. major (Van Balen 1973 , Perrins 1991 , Van Noordwijk et al. 1995 . Earlier POLLUTION-RELATED FOOD SHORTAGE IN BIRDS studies from the same area showed that P. major nestlings grew more slowly and suffered higher mortality in the vicinity of the smelter than in more distant sites (Eeva et al. 1997) , even though no detrimental physiological effects were found in this species (Eeva et al. 2000) . To test if food limited nestling growth, we placed additional food (mealworms and fat) in randomly selected territories near the copper smelter (Ͻ2 km, polluted area) and in more distant sites (Ͼ4 km, control area). We expected that extra food would improve breeding success, especially in the polluted area, where food limitation is presumed to be more severe than in the control area. Nestling feces were analyzed for their copper and lead content to estimate the exposure of nestlings to heavy metals. Clutch size, nestling growth, fluctuating asymmetry in primaries, hatching and fledging success, and adult female body mass were used as measures of breeding success and condition. We also measured the oxygen consumption of nestlings to get a direct estimate of metabolic rates in the experimental groups. To assess the amount of pollution-related stress in the experimental groups, we measured the amount of corticosterone in the plasma of P. major adult females and nestlings.
METHODS

Study area
The experiment was carried out in 1999, on the outskirts of the town of Harjavalta (61Њ20Ј N, 22Њ10Ј E) in southwestern Finland. The main source of local air pollutants is a factory complex in the center of the town that produces copper, nickel, and fertilizers. Sulphuric oxides and heavy metals (especially Cu, Zn, Pb, and Ni) are common pollutants in the area (Kubin 1990, Jussila and Jormalainen 1991) . During 1991-1995, we established 10 study sites, each with 45-55 nest boxes, along the air pollution gradient in three directions (southwest, southeast, and northwest) away from the copper smelter complex. Caterpillars and ground-living arthropods are less abundant in the most heavily polluted area during the nestling period of P. major (Eeva et al. 1997 ). The growth of P. major fledglings is inferior in the polluted area, and fledging production is smaller than in the unpolluted sites (Eeva and Lehikoinen 1996) . Detrimental effects on breeding parameters can be detected up to 3-4 km from the smelter. A more detailed description of the study area and the pollution gradient has been given in Eeva et al. (1997) .
Food manipulation
We selected 56 nests for the four experimental groups, according to egg-laying order, so that there were no systematic differences in the timing of breeding among groups. The territories Ͻ2 km from the copper smelter were considered ''polluted'' and those Ͼ4 km away were considered ''unpolluted'' (Eeva and Lehikoinen 1996) . Both groups were further randomly divided into a supplemented ''food group'' that received extra food and an unsupplemented ''control group'' that did not receive extra food. One nest was depredated before the clutch was completed, three nests were depredated before hatching, and one nest was depredated before fledging; all of these were excluded from subsequent analyses.
Birds in the food group were fed with fat and mealworms (Tenebrio molitor L.) from the start of egglaying until fledging. Feeders were put up on tree trunks ϳ10 m away from nest boxes. We started feeding birds after the first egg was laid, and therefore the extra food had no effect on the timing of breeding. As a source of fat, we used commercial fat and seed mix ''balls'' containing animal fat, wheat, sunflower seeds, millet, and peanuts. Fat was made available continuously. We used mealworm larvae that had grown in a wheat bran medium as a source of animal protein. Mealworms were made available as follows: laying period, 9 g twice a week; incubation period, 12 g twice a week; days 1-12 of nestling period, 31 g twice a week; the rest of nestling period, 9 g every day. Because birds normally ate the mealworms in one day, mealworms were not available all the time. The total amount of mealworms given to each pair was ϳ250 g. The amount given per brood during the nestling period was ϳ190 g, which provides ϳ28% of the total food consumption of a brood (calculated for the average brood size of eight, from the estimate of Van Balen [1973] ). Because other bird species ate some of the mealworms (6-16%), a more realistic estimate of the contribution of the supplemental feeding to the broods' food consumption would be 24-26%.
Food intake was monitored with video cameras at feeders. Altogether, we recorded 79 h of video. We consider that food manipulation was successful because P. major consumed 94% and 84% of the mealworms in the polluted and unpolluted areas, respectively. We could not identify individual birds from video tapes; it is possible that the observations included some visiting birds outside the territory. However, we believe that this was uncommon because the feeding stations were very close to the focal nests and P. major is known to collect most of its food within the territory (Krebs 1971 ). The remaining 6-16% of the food was taken primarily by other Parus species, the Eurasian Jay, Garrulus glandarius L., and the Spotted Woodpecker, Dentrocopos major L. Differences in mealworm intake rate (mealworms per hour) were tested with generalized linear models (GENMOD-procedure of SAS, type 3 analysis with gamma distribution). The mealworm intake did not vary between the study areas, nor did it vary between male and female parents (for area, 2 ϭ 0.29, df ϭ 1, P ϭ 0.59; for sex, 2 ϭ 1.82, df ϭ 1, P ϭ 0.18), but it varied according to the phase of breeding. For both sexes, the intake rate was clearly highest (12.7 Ϯ 1.47 larvae/h, mean Ϯ 1 SE) during the nestling period (for phase, 2 ϭ 49.5, df ϭ 2, P ϭ 0.0001). The Ecological Applications Vol. 13, No. 5 same pattern was found in feeding visits at supplied fat, except that males took fat more often than did females (for sex, 2 ϭ 12.5, df ϭ 1, P ϭ 0.0004). We did not systematically follow what proportion of mealworms was eaten by parents and how much was fed to nestlings. However, parents were often seen taking larvae to the nest box during the nestling period.
Metabolic rates
Oxygen consumption of 8-d-old nestlings was measured between 0900 and 1200 hours with a portable closed-circuit respirometer system, which consisted of an air flow pump, metabolic chamber (350 mL), a chamber containing moisture-absorbing silica gel, and an oxygen flow-through sensor (Qubit S102, Qubit System, Kingston, Ontario, Canada). From each nest, we chose the heaviest nestling for the oxygen measurement and put it into a flow chamber in a dark cotton bag, which reduced the tendency of nestlings to move inside the chamber. Air was permitted to flow and become steady ϳ2 min before measurements were taken. The ambient temperature was recorded and oxygen consumption was monitored for 5 min. The slopes from the oxygen consumption lines were later used to calculate the rate of oxygen consumption in milliliters per gram of body mass per hour.
Body mass and fluctuating asymmetry
Body mass and wing length of nestlings were measured at the ages of 8 and 14 days (hereafter d8 and d14, respectively). The nestlings were weighed with a spring balance to the nearest 0.1 g, and wing length was measured with a ruler to the nearest 1 mm. Fluctuating asymmetry (FA) was estimated by measuring the length of the third primary of the left (L) and right (R) wing at d14. The lengths of primaries were measured with a ruler to the nearest 0.5 mm.
To estimate the repeatability of the measurements and the effect of measurement error on FA estimate, we measured the nestlings twice, mixing them between the two measurements. A mean of the two replicated measurements was later used in the analyses. Intraclass correlation indicated that signed FA (R Ϫ L) was moderately, but significantly, repeatable (r ϭ 0.51, F ϭ 3.09, df ϭ 299, 300, P Ͻ 0.0001; see Harper 1994) . The primary length did not show antisymmetry, because the distribution of signed FA was unimodal and did not significantly deviate from normality (ShapiroWilk test, P Ͼ 0.87). The significance of between-sides variation relative to measurement error was examined with a mixed-model ANOVA, with individual as a random factor and side as a fixed factor (Palmer and Strobeck 1986) . The ANOVA showed that FA was significantly larger (F ϭ 1.78, df ϭ 299, 600, P Ͻ 0.0001) than measurement error, and that there was a significant difference (mean ϭ 0.22 mm) between the two sides (F ϭ 201.0, df ϭ 1, 600, P Ͻ 0.0001). Because this difference more likely was due to measurement error (a nestling needs to be held in a different position while measuring its left or right primary) than to true directional asymmetry, we added a constant value of 0.22 to all left-side measurements. FA values did not correlate with primary length r ϭ 0.037, P ϭ 0.52); consequently, we used an unscaled absolute FA index (ͦR Ϫ Lͦ) in the comparisons among experimental groups. Nestlings with measurement error Ͼ2% of the primary length were omitted from the analyses.
Heavy metals and calcium
Samples of feces were collected from the nestlings at d8 to estimate the relative amount of heavy metals and calcium in nestling diets. Feces have been shown to be good indicators of the heavy metal burden in bird diets (Leonzio and Massi 1989) . At each nest, three or four nestlings defecated into a glass tube, which was immediately sealed to prevent further contamination. Samples were dried at 50ЊC and were analyzed with a flame atomic spectrometer (Perkin Elmer 3100, Shelton, Connecticut, USA). Ground samples were dissolved with a mixture of HNO 3 and H 2 SO 4 , and La 2 O 3 was added to the subsamples for Ca determination. Standard solutions [Fixanal CaCl 2 , CuCl 2 , and Pb(NO 3 ) 2 ] were prepared with the extract. Pb was analyzed with a graphite furnace (Perkin Elmer HGA-600).
Stress hormones
Females were captured on their nests during the night (2200-0100 hours) when nestlings were 11 days old (d11). After taking the blood sample for stress hormone determination, we determined age and measured wing length and body mass. Blood was collected from nestlings at d14. Blood samples were collected with capillary tubes from the branchial vein and were centrifugated immediately for 7 min at 4000 rpm (14 533 m 2 / s). Plasma was separated and preserved in liquid nitrogen. Because handling of the birds may cause an increase in stress hormone levels, we also recorded the handling time prior to the blood sampling.
Corticosterones were determined using Amersham's Biotrak rat corticosterone [
125 I] assay kit (Amersham International, Buckinghamshire, UK). The assay is based on the competition between unlabeled corticosterone and a fixed quantity of 125 I-labeled corticosterone for a limited number of binding sites on a corticosterone-specific antibody. The antibody-bound fraction of corticosterone was separated and its radioactivity was measured to calculate the amount of labeled corticosterone in the bound fraction. The concentration of unlabeled corticosterone in the samples was then determined by interpolation from a standard curve.
Statistical analysis
The effects of pollution and food manipulation on clutch size, nestling growth, oxygen consumption, fluctuating asymmetry, heavy metal concentrations, and corticosterone levels were analyzed with two-way AN- OVA using the GLM procedure in SAS, with Type III SS (SAS Institute 1989). The independent variables were distance to the pollution source (Ͻ2 km vs. Ͼ4 km) and food manipulation (extra food vs. no food supplementation). Because brood size is known to affect nestling mass in P. major, we included the number of nestlings as a covariate in the analyses of nestling body mass. In the analysis of nestling mass and size, we used brood means to avoid pseudoreplication. The normality of residuals was checked after each test with the UNIVARIATE procedure of SAS. Hatching and fledging success were analyzed using generalized linear models (GENMOD procedure, type 3 analysis with binomial probability distribution and logit link function). We used proportions (hatchlings/clutch size and fledglings/hatchlings) as our binomial response variables. The independent variables were the same as in the previous models.
RESULTS
Breeding success
Clutch size was slightly, but not significantly, smaller in the polluted than in the unpolluted area (Table 1) and did not differ between the food manipulation groups (two-way ANOVA; for distance, F 1,51 ϭ 1.78, P ϭ 0.19; for food, F 1,51 ϭ 0.31, P ϭ 0.58). The numbers of hatchlings and fledglings were lower in the polluted than in the unpolluted area (for hatchlings, F 1,48 ϭ 4.32, P ϭ 0.043; for fledglings, F 1,47 ϭ 10.3, P ϭ 0.0024; Table 1 ). Hatching success was also lower in the polluted area, but it did not depend on extra food (GENMOD; df distance ϭ 1, 2 ϭ 5.74, P ϭ 0.017; df food ϭ 1, 2 ϭ 0.0026, P ϭ 0.95). Fledging success was lower in the polluted area and higher in nests that received extra food than in nests that did not receive extra food (GENMOD; df distance ϭ 1, 2 ϭ 6.95, P ϭ 0.0084; df food ϭ 1, 2 ϭ 9.24, P ϭ 0.0024; Fig. 1 ). The interactions between distance and food manipulation were not statistically significant for any of the variables, which means that the effect of extra food was similar in the polluted and unpolluted areas. However, a marginally significant interaction between distance and food manipulation (F 1,47 ϭ 3.07, P ϭ 0.086) suggested that the effect of extra food on fledgling number was greater in the unpolluted than in the polluted site (Table 1).
Body mass and wing length
The mean body mass of nestlings did not differ significantly in relation to the distance to the pollution source at d8, but nestlings were, on average, 0.8 g heavier in the unpolluted area at d14 (for d8, F 1,45 ϭ 2.33, P ϭ 0.13; for d14, F 1,45 ϭ 12.7, P ϭ 0.0009; Fig.  2 ). Body mass was also 0.7 g higher in the extra food group at d14 (F 1,45 ϭ 6.06, P ϭ 0.017), whereas the difference was only marginally significant at d8 (F 1,45 ϭ 3.10, P ϭ 0.085; Fig. 2 ). The number of nestlings (a covariate) correlated negatively with body mass at both ages (for d8, F 1,45 ϭ 4.85, P ϭ 0.033; for d14, F 1,45 ϭ 15.7, P ϭ 0.0003). Wing length was not dependent on distance to the pollution source, but it was 1.5 mm greater in the extra food group (for d14, F 1,46 ϭ 4.21, P ϭ 0.046). There was also a marginally significant interaction effect between distance and food. Supplemental food increased wing length more in the polluted area (F 1,46 ϭ 3.50, P ϭ 0.068). Females had similar body mass at d11 in all the experimental groups (for distance, F 1,45 ϭ 1.24, P ϭ 0.27; for food, F 1,45 ϭ 0.00, P ϭ 0.98), and female body mass did not depend on age (F 1,45 ϭ 2.36, P ϭ 0.13).
Metabolic rates
The oxygen consumption rate at d8 did not differ between the food manipulation groups, nor did it vary in relation to distance to the pollution source (Table  2) . Oxygen consumption rate increased with increasing ambient temperature and body mass, i.e., nestlings consumed more oxygen in warmer temperatures and heavy nestlings consumed more oxygen per mass unit than did light nestlings: O 2 consumption ϭ 0.026 ϫ mass ϩ 0.012 ϫ temperature ϩ 0.0082 (T mass ϭ 2.31, P ϭ 0.026; T temp ϭ 2.11, P ϭ 0.040; n ϭ 50). There was no correlation between temperature-corrected oxygen consumption rates and logarithmic heavy metal concentrations in feces (for Cu, r ϭ 0.015, P ϭ 0.92, n ϭ 50; for Pb, r ϭ Ϫ0.033, P ϭ 0.82, n ϭ 50).
Fluctuating asymmetry
Fluctuating asymmetry of the third primary was slightly higher in the polluted than in the unpolluted environment (Table 3 ). There was, however, no difference in FA between the food manipulation groups.
Heavy metals and calcium
There were no significant differences among the experimental groups for calcium concentrations in nestling feces (for distance, F 1,46 ϭ 1.98, P ϭ 0.17; for food, F 1,46 ϭ 2.32, P ϭ 0.13; Fig. 3 ). The concentrations of copper were higher in the polluted area (for distance, F 1,46 ϭ 27.6, P ϭ 0.0001) and there was an interaction effect between distance and food manipulation. Extra food decreased the Cu concentration in the polluted area (for distance ϫ food, F 1,46 ϭ 6.82, P ϭ 0.012; Fig.  3 ). The concentration of lead was also higher in the polluted area (for distance, F 1,46 ϭ 43.7, P ϭ 0.0001), but, unlike copper, it was not affected by extra food (Fig. 3) . The artificial food (mealworms) did not contain a significant amount of heavy metals (Cu, 13.2 Ϯ 2.6 g/g; Pb, Ͻ0.01 g/g) and cannot be considered as a potential source of pollutants. The association between heavy metal residues and nestling body mass was further analyzed within the polluted area. In these analyses, we used body mass residuals after removing the effect of brood size. Lead concentration in feces was negatively correlated with body mass at d14 in the unfed broods (r ϭ Ϫ0.73, P ϭ 0.0073, n ϭ 12; Fig.  4 ), whereas no correlation was found in the extra-food group (r ϭ 0.074, P ϭ 0.81, n ϭ 13; Fig. 4 ). Copper concentrations did not correlate with body mass in either group (P Ͼ 0.05).
Stress hormones
Corticosterone levels of Parus major females did not differ among the experimental groups (Table 4) . However, they increased with increasing handling time and female body mass, which were used as covariates in the analyses. Corticosterone levels of nestlings were not significantly related to food manipulation (Table  4) . However, there was a marginally significant interaction: in the unpolluted area, extra feeding appeared to decrease corticosterone levels whereas in the polluted area, corticosterone levels were slightly higher in the experimentally fed broods (Table 4) .
DISCUSSION
With the provision of supplemental food at the polluted site, fledging success and growth rate for Parus major nestlings increased up to a level corresponding to that of the unfed nestlings in the unpolluted site. However, despite the additional food, the number of young fledged remained smaller in the polluted site. Similarly, fluctuating asymmetry in nestlings was not affected by providing supplemental food. Because birds are known to respond more strongly to additional feeding in poor environments (reviewed by Nager et al. 1997) , we expected to find a stronger effect in the polluted area, where the abundance of many forest insects is known to be reduced Väisänen 1990, Eeva et al. 1997) . Contrary to our expectation, the net effect of additional food on breeding success tended to be stronger in the unpolluted than in the polluted site. Fledging success in food-supplemented control nests was higher than at any time during the nine-year period when the population has been surveyed (T. Eeva, unpublished data) .
The failure of food supplementation to improve fledging production in the polluted area to the level of the unpolluted area can be attributed either to direct toxic effects of heavy metals or to low quality of the available food. We consider direct toxic effects unlikely, because heavy metal concentrations of tissue have been at a relatively low level in P. major nestlings, even in the polluted area (Eeva et al. 2000) . According to Scheuhammer (1987) , normal background levels of Pb in bones of adult birds living in relatively uncon- Ecological Applications Vol. 13, No. 5 taminated areas are 2-15 g/g (dry mass). In exposed individuals, these values may increase by an order of magnitude (Pain 1995) . In our study area, the mean Pb concentration in the femurs of nestlings at the age of 11 days was 3.7 g/g (n ϭ 14) in the polluted area and 1.2 g/g (n ϭ 11) in the unpolluted area (Eeva et al. 2000) . The mean Cu concentration in primaries of 16-d-old nestlings was 15.9 g/g (n ϭ 20) in the polluted area of Harjavalta and 8.3 g/g (n ϭ 20) in the unpolluted area (T. Eeva, unpublished data). Eens et al. (1999) found no signs of acute heavy metal toxicities in P. major and P. caeruleus populations showing a mean concentration of 13.8 g/g and 24.0 g/g of Cu in tail feathers of males, respectively. However, in growing nestlings, detrimental effects could be manifested at lower concentrations than in adult birds (Hoffman 1995) and we cannot wholly rule out the possibility of direct toxic effects in nestlings showing the highest heavy metal concentrations.
Heavy metals, such as lead are known to retard the growth of nestlings (Scheuhammer 1991) . In the polluted area, we found a negative correlation between nestling body mass and lead concentration in feces of the unsupplemented broods, but not of the food-supplemented broods. The result suggests that those broods that received the greatest amount of lead from their natural food benefitted most from the extra food, despite the fact that additional food did not markedly reduce lead exposure (Fig. 4) . We do not know the reason for this result, but deficient food (food of poor nutritive value) is known to amplify the absorption and retention of lead from the gut (Burger 1995) , and pollutants are known to disturb the absorption of nutrients (e.g., Hunder et al. 1991 , Mesonero et al. 1996 . Additional food might thus compensate for lowered rates of nutrient absorption. An alternative hypothesis is that nestlings exposed to high concentrations of heavy metals need more energy than those not exposed, due to their activated detoxification system (see Heath 1995) . Our measurements on metabolic rates do not support the latter hypothesis; although P. major nestlings grew faster in the artificially fed broods, we did not detect significant differences in their metabolic rates. However, short-term oxygen consumption may not be as good a measure of metabolic activity as the doubly labelled water technique (Tatner and Bryant 1988) , which measures metabolic rate over a longer period of time.
We expected that extra food would reduce stress hormone levels, and this seems to be the case in the unpolluted area, where nestlings also survived better in food-supplemented nests. Contrary to our expectation, the stress hormone levels in unmanipulated broods were lower in polluted than in unpolluted areas. A possible explanation for this result is that heavy metals may suppress corticosterone activity. In fish and amphibians, it has been demonstrated that low-level chronic exposure may actually impair secretion of corticosteroids (Hontela 1998) .
Our results suggest that availability of protein or energy in these two areas cannot wholly explain consistent differences in the breeding success of P. major observed over a nine-year period Lehikoinen 1996, Eeva et al. 2000) . Despite the fact that food resources are less abundant in the polluted area, we were not able to raise breeding success in the polluted site up to the level observed at unpolluted sites by providing birds with more energy via supplemental feeding. We believe that the quality of food, or nutrition-related effects of heavy metals, may be more important than the amount of food ingested (e.g., Riddington and Gosler 1995) . Johnston (1993) showed experimentally that fat-fed House Martins (Delichon urbica L.) actually grew more slowly than control broods that received a more variable diet. Mealworms, the artificial invertebrate food used in our experiment, may not be nutritious enough to compensate nutritionally for the diversity of natural food sources. For example, although rich in protein and fat, mealworms contain relatively small amounts of carotenoids (Barker et al. 1998) , which are important components in many physiological processes, including growth and detoxification (Peakall 1992 ). An earlier study in the town of Harjavalta suggested that P. major nestlings suffered from the lack of carotenoid-rich food items in the polluted site, as manifested in pale yellow plumage of the chicks (Eeva et al. 1998 ). In the polluted area, birds are probably limited not only by the lower amount of food (protein or energy) available, but also by a lack of nutritionally high-quality food, such as carotenoid-rich caterpillars. Thus supplemental feeding may be unable to compensate for the decline of food quality in this polluted environment.
